The effect of crystal temperature on the dissociation dynamics of nitrogen on a catalytic metal surface is studied. The framework is a nonadiabatic mechanism where the nitrogen crosses from the physisorption potential energy surface to a dissociative chemisorption potential. Within this framework the quantum dynamics is solved in three degrees of freedom including surface vibrational excitation. In general, surface vibrations promote the dissociation. However, if the nonadiabatic coupling potential is peaked at a restricted geometry, exciting the surface vibrations can hinder dissociation. This effect is maximized for the N 2 /Fe mass ratio which leads to a negative temperature effect on the dissociation. For higher surface metal masses this effect disappears ͑N 2 /Ru͒ and even reverses to a positive temperature effect for the N 2 /Re mass ratio.
I. INTRODUCTION
Dissociation of nitrogen on an iron catalyst is the rate determining step in ammonia synthesis. 1, 2 This system has therefore become a paradigm of heterogeneous catalysis, spurring extensive studies in trying to unravel the detailed mechanism of the reaction. Focussing on the rate determining step two approaches have been suggested: -A direct dissociation mechanism.
-A precursor mediated mechanism. This study follows the approach of the direct dissociation mechanism.
Verifying a chemical mechanism requires consistency with the known experimental observations. Specifically for the catalytic dissociation of nitrogen on metal surfaces the experimental evidence can be divided into two types: ͑a͒ Bulk type experiments under high pressure conditions where the rate of ammonia production is measured. [3] [4] [5] [6] ͑b͒ Molecular beam-single crystal experiments where the dissociation event can be isolated. [7] [8] [9] [10] [11] The most significant experimental observation has been the striking increase in the dissociation probability with impinging kinetic energy of the molecule. In a molecular beam experiment for the nitrogen on iron system, an enhancement of 6 orders of magnitude in the dissociation probability has been observed, 7 reaching a saturation at energies above 1.5 eV. Similar behaviour has been observed on rhenium, 11 tungsten 12 and on ruthenium. 13 When the incident vibrational energy of the impinging nitrogen was varied it was found to be less effective than translational energy in promoting the dissociation. 8, 11 There is also evidence for dependence of the dissociation probability on crystal orientation. These observations on different metals and on different metal faces suggest a direct universal mechanism for the dissociation event.
Universal behaviour was not found in the dependence of the dissociation probability on crystal temperature. In the N 2 /Fe system a decrease in dissociation probability with crystal temperature was observed. 7 In the N 2 /Re system an opposite effect was observed while the N 2 /Ru system seems to be insensitive to crystal temperature. [13] [14] [15] Within the indirect mechanism framework these observation were used to indicate the existence of a precursor state. Considering bulk type experiments, where the rate of ammonia production is measured, the observed activation energy in the range of ϳ0.8 eV in rhenium to ϳ1 eV in iron is an order of magnitude larger than the temperature effect in the single crystal experiments. The activation energies are quite close to the saturation energies found in the molecular beam experiments.
The direct dissociation paradigm has been based on a universal quantum nonadiabatic picture where a gas phase nitrogen molecule approaches on the physisorption potential surface and crosses to the chemisorption surface where the molecule dissociates. In most experimental conditions the accessible energy is below the nonadiabatic crossing seam. Thus the reaction mechanism can be classified as a tunneling event. This is a theoretical explanation to the super sensitivity for the incident kinetic energy.
Calculations based on this model in two and three dimensions [9] [10] [11] 16 as well as in full dimensionality [17] [18] [19] have shown that the striking dependence of the dissociation probability on kinetic energy can be reconstructed. The dynamics on the suggested potentials show an enhanced effectiveness of the incident kinetic energy over vibrational energy in promoting dissociation. Also it is not surprising that the tunneling mechanism predicts strong isotope effects. A crucial observation is the strong isotope enhancement to dissociation of the lighter 14 N 2 compared to 15 N 2 reaching 25% at room temperature. 10 Finally the direct mechanism has been shown to reproduce the bulk high pressure ammonia synthesis data. 20 The purpose of this study is to address the crystal temperature effect within the paradigm of the direct dissociation mechanism. It is suggested that the difference between metals can be attributed to their mass. Since the Debye frequencies of the metals studied are very similar, the difference in mass translates to a difference in the amplitude of surface motion. It will be shown that this difference leads to the crystal temperature effect.
At this point it should be emphasized that a chemical mechanism cannot be proven in a mathematical form. The analysis can only lead to circumstantial evidence supporting the validity of the model. An explanation of the temperature effect based on a precursor state has been suggested by Rettner. 21 This study is meant to show that the crystal temperature effect can be explained within the direct dissociation mechanism. Moreover the influence of the bulk temperature on nonadiabatic transitions is of universal importance.
II. DYNAMICAL MODEL
The dissociation dynamics is described as a quantum mechanical nonadiabatic event where nitrogen amplitude crosses from the physisorption potential to the dissociative chemisorption potential. Two main obstacles hamper the execution of a full simulation of the dynamics. The first obstacle is the very large number of degrees of freedom participating in the dissociation event. The second problem involves the dissociative chemisorption potential which is extremely difficult to calculate from first principles. Currently there is only very limited ability to realistically provide converged ab-initio potentials of nitrogen on transition metal surfaces. With these restrictions in mind the approach followed in this study is to perform a converged quantum dynamical calculation on a limited dimensionality model of the reaction. Thus the study provides a qualitative framework enabling the identification of the dominant physical phenomena in the dissociation dynamics.
The process is modeled by solving the coupled time dependent Schrödinger equation:
͑2.1͒
where p/c are the wavefunctions on the physisorption and chemisorption potentials. Ĥ p/c are the surface Hamiltonians Ĥ i ϭT ϩV i , where T is the kinetic energy operator and V i the surface potential. V int is the nonadiabatic coupling element. A quantitative analysis of the dynamics, requires a three stage process. First, the wavepacket and the operators are represented in a form accessible to computers. The wavepacket evolution is simulated numerically. The last stage, which is the goal of the calculation, is to analyse the evolving wavepacket in terms of measurable quantities.
A. Representing the system
The coordinate system used in the calculation is shown in Fig. 1 . Out of the six degrees of freedom of the nitrogen molecule two are retained, the internuclear distance r and the molecule surface distance z. The surface motion is represented by a collective vibrational coordinate x. This reduced dimensional description amounts to freezing the motion of the other coordinates.
This coordinate system includes coupling in the kinetic energy operator between the z and r coordinates. The coordinate system is convenient in describing the potentials and the initial wavefunction. The dynamics is carried out on a mass scaled coordinate system.
B. Potential energy surfaces
In the diabatic framework for this system two atomic or molecular chemical species can be defined on a metal surface. The first is the physisorbed state in which the gas phase molecule is attached to the surface by a weak bond induced by polarization forces. It is characterized by the nitrogen molecule only slightly perturbed from its gas phase state. Similarly the metal vibrations are also only slightly perturbed. The physisorbed potential is described by three terms:
where a Morse function represents the attraction of the molecule to the surface:
as well as the molecular binding
͑2.4͒
Finally an harmonic potential is used to describe the surface metal motion:
where p is the surface Debye frequency. The atom surface potential is also described by three terms:
which represents a repulsive force between the nitrogen adatoms as well as a softened lower surface frequency. The parameters of the potentials are summarized in Tables I and II. The above potentials are similar to the ones used in previous calculations.
11 ,16 For the nonadiabatic coupling function two functional forms were used. The first represents an exponential decay in all coordinates: The second nonadiabatic coupling function is peaked at a specific coordinates value:
The justification for the second form is a tight transition configuration. The differences in the electronic structure of the two surfaces dictate a favored geometrical nuclear configuration in terms of bond lengths of the N 2 molecule and the surface atoms. Only in close vicinity to this transition structure can significant amplitude of the wavefunction cross from one electronic surface to another. The diabatic potential surfaces and the nonadiabatic coupling potential are shown as cuts in Fig. 2 and Fig. 3 . With the potential forms set, the next step is to form a three-dimensional grid to represent the wavefunction and the Hamiltonian operator. The coordinate system describing the potential includes kinetic energy coupling terms between the molecular motion and the surface motion. To uncouple the kinetic energy operator a transformation to a new set of coordinates was applied where x and r are unchanged and z is transformed to zЈϭzϩx. The kinetic energy operator T was calculated by the Fourier method 22 by a three-dimensional FFT to k space and back. The parameters of the grid can be found in Table II . 
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C. The initial state
The initial wavefunction was chosen to represent a gas phase molecule approaching the surface on the physisorption potential.
͑2.9͒
The wavefunctions therefore becomes a product of wavepackets in the three coordinates. In the z coordinate a Gaussian wavepacket was chosen with adjustable momentum toward the surface. In the r and x coordinates vibrational eigenfunctions were used, calculated by the relaxation method. 23 Figures 4 and 5 show cuts of the initial wavefunction.
D. Propagation and analysis
Subject to the initial state the wavefunction (0) was propagated to a final time (t f ). The propagation method was based on the Chebychev scheme. 24 The total integration time was 30 to 60 fs, enough to describe a complete encounter of the nitrogen hitting the surface and recoiling. Only a minute part of the wavepacket crosses to the dissociative surface. Within this scheme, the flux crossing a dividing surface is integrated using the analytic properties of the Chebychev expansion with no extra numerical effort. 25 Imaginary negative potentials were placed at the boundaries of the grid to absorb the outgoing amplitude. 26 -29 The dissociation probability is obtained by integrating the flux at a surface perpendicular to the dissociation direction indicated by a line in Fig.  4 . The calculation was repeated for different surface vibrations, incident kinetic energies and for different metal surface atoms.
III. RESULTS
The effect of surface temperature can be recast into the effect of surface vibrational excitation. This effect has to be studied with respect to the incident kinetic energy which is the dominate mode in promoting dissociation. Once the influence of individual surface excitations is known it is weighted by Boltzmann factors and the effect of surface temperature is reconstructed.
A. Dissociating flux as a function of surface vibration
The surface vibration participates both actively and passively in the nonadiabatic tunneling event. Active participation occurs when the surface degrees of freedom supply or extract energy from the reaction coordinate. Passive participation occurs when the surface configuration due to atomic motion becomes less favorable to dissociation. For active participation the time scale of dissociation has to be compa- rable to the surface motion. Of the metals studied, Fe with a mass of 59 is best matched to N 2 with a mass of 28. Figure  6 shows the accumulation of flux for the N 2 /Fe system for the two interaction potentials. Most of the calculations are carried out at an initial kinetic energy of 0.3 eV which compared to the lowest crossing point of 0.6 eV is well in the tunneling region.
The dependence of the dissociation flux on surface vibration has an opposite effect for the two interaction potentials. The uniform interaction potential shows an enhancement with vibrational excitation which is due to active participation of the surface vibration in the dissociation event. The restricted geometry interaction potential shows a negative effect. This is due to passive participation, i.e., as vibration motion is excited the probability of the favored configuration decreases. Figure 7 compares the dissociating flux for the three metals for the restricted geometry non-adiabatic potential. The only difference between the the calculations is the surface metal mass. The time scale of the reaction is approximately 10 fs and longer for the N 2 /Re system.
Examining Fig. 7 it is clear that the surface vibrational effect on dissociation is reversed when the mass increases from Fe to Re. Since the surface frequencies are identical in the calculation the mass difference translates to a larger amplitude of motion for the lighter mass. As a result the heavier metals stay closer to the favorable configuration. The enhancement with vibrational excitation in the heavier metals is then due to active participation of the surface motion in the dissociation.
B. Dissociating flux as a function of surface temperature
Experimentally the initial surface vibration can be controlled by varying the surface temperature. The crystal temperature effect can be reconstructed by weighting the individual calculations starting with different initial surface vibrations with Boltzmann factors. Figure 8 shows the influence of temperature on the dissociation for the two nonadiabatic interaction potential studied. The enhancement of dissociation by vibrational energy is translated to a positive temperature effect. This can be seen as a negative slope in Fig. 8 for all metals using the uniform nonadiabatic potential and for the heavier metals in the restricted geometry non-adiabatic coupling potential. The ''activation'' energies are small which basically means that the surface vibration is only weakly coupled to the reaction coordinate. The slope of all plots vanishes at low surface temperatures, due to the quantum discrete level structure. In the restricted geometry non-adiabatic coupling potential, the largest negative temperature effect is for the lighter N 2 /Fe mass ratio. A small negative temperature effect is found for the N 2 /Ru system while the N 2 /Re shows the same positive temperature effect for both coupling potentials.
The ability of the metal surface to recoil from the impinging nitrogen molecule can lead to a significant reduction in the dissociation probability. If the mass ratio of the molecule to the metal atom is small the kinematically available energy for dissociation decreases. 16, 30 It is therefore expected that the reduction in dissociation probability is largest for the lightest N 2 /Fe system. Figure 9 compares the dissociation probability as a function of kinetic energy for the N 2 /Fe and the heavier N 2 /Re systems at two surface temperatures.
The figure it shows that the recoil effect is maximizes for low incident kinetic energies where the nonadiabatic tunneling process dominates. These observations are consistent with previous analysis of this effect. 16, 30 Compared to the strong dependence of the dissociation probability on the incident kinetic energy, the surface temperature effect is quite small. Moreover the effect is almost independent of the kinetic energy which is consistent with the experimental observation.
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IV. DISCUSSION
The story unravelled by this study as well as previous ones describes a fast dissociation event. The timescale by which amplitude is transferred from the physisorption potential surface to the dissociative chemisorption potential surface is on the order of 10-20 fs. This timescale is dictated by tunneling which is fast even at very low energies. This timescale then limits the degrees of freedom which are able to participate actively in the dissociation. The dominate fast modes are the translational and vibrational modes of the nitrogen molecule. In comparison the surface modes, due to the heavy mass of the metals, are slow. An exception is the N 2 /Fe system which, due to the unit mass ratio and the relatively low surface vibrational frequency, the iron atom can recoil from the impinging nitrogen and reduce the effective energy for dissociation. In retrospect the separation of timescales is the justification for the reduced dimensionality model. The slow modes can be considered as an inhomogeneous background on the dynamics of the fast modes.
The transition metal surfaces also differ in their electronic properties, or more precisely in their ability to bind nitrogen atoms or molecules. In the framework of potentials used in this study, the physisorption potential is almost universal since it is determined by dispersion forces. 31 On Fe͑111͒ and on Ru surfaces, molecular chemisorption states have been identified 32, 33 no such state has been found for Re. 34 In the present model these states were not included. In the nonadiabatic framework a third potential energy surface would described such a surface chemical species. Nonadiabatic calculations on three potential surfaces, 16 show a remarkable different dependence of dissociation on the incident kinetic energy. It is argued that these states play only a minor role in the dissociation event.
The atomic chemisorption potential energy surfaces possess different binding energies of the nitrogen atom to the metals. This defines the asymptotic value of the chemisorption well. As a result the position and hight of the crossing seam between the physisorption and chemisorption potentials can vary from metal to metal. The variance of the binding energy with crystal face has been found to be small. The surface phonon frequencies are similar for Fe and Re but higher for Ru making it a more rigid surface.
Equally as important is the difference in the nonadiabatic coupling strength with the metals and metal surfaces. In the nonadiabatic framework for the dissociation dynamics, the nonadiabatic coupling function V int , becomes the major agent of variability. This variance reflects an electronic property due to charge transfer from the metal to the nitrogen molecule. For example the variance in V int can explain the extreme structural sensitivity to the crystal face and orientation. It has been found that different surface faces can change the dissociation probability two orders of magnitude 35, 36 while the binding of the adatom is only slightly altered. Evidence for crystal orientation dependence has also been observed. 37, 38 The temperature effect is based on a tight transition configuration, which is reflected in the sensitivity of the nonadiabatic function to the local surface structure.
Since the purpose of the calculation was to gain insight the surface mass effect, the potential parameters were kept constant. By adjusting the potential parameters for each metal, their individual character can be represented. To stress this point Fig. 10 shows a fit to the Fe/N 2 system crystal temperature effect. To fit the data at high crystal tempera- FIG. 9 . Dissociation probability as a function of incident kinetic energy for Fe and Re for the restricted geometry non-adiabatic coupling potential. The lower line for Fe corresponds to Tϭ500 K and the higher one to 100 K. For Re the order is reversed. The graphs were shifted to fit the same high energy asymptote.
tures the nonadiabatic potential parameters were slightly adjusted from their values in Table I .
The graph was fit to the high temperature limit since at low temperatures the model which includes only a single surface vibrational mode is deficient. At low temperatures due to the discrete vibrational levels the Boltzmann factors eliminate the contribution of the excited vibrations to the dissociation. This discrepancy would be eliminated if more lower frequency vibrational modes were included in the calculation.
To conclude, it was shown in this study that the negative temperature effect for the N 2 /Fe system can be explained within the direct dissociation paradigm provided a tight transition configuration is assumed. For the heavier metals a small positive temperature effect is obtained. Combined with previous calculations based on this model 9-11,16 -19 the nonadiabatic-tunneling mechanism is consistent with all existing experimental evidence. FIG. 10 . Comparison between the best fit to the experimental crystal temperature effect ͑dashed͒ ͑Ref. 7͒ to the calculated one ͑solid͒ for the N 2 /Fe͑111͒ system. The incident kinetic energy is 1.05 eV. The nonadiabatic potential parameters were changed C b from 0.01 to 0.012 eV, and ␥ x from 3 to 7 Å Ϫ2 . Other parameters were kept constant. All vibrational states up to vϭ4 were included.
